Nuclear Quadrupole Resonance (NQR) has been demonstrated for the detection of 14-N in explosive compounds. Application of a material specific radio-frequency (RF) pulse excites a response typically detected with a wirewound antenna. NQR is non-contact and material specific, however fields produced by NQR are typically very weak, making demonstration of practical utility challenging. For certain materials, the NQR signal can be increased by transferring polarization from hydrogen nuclei to nitrogen nuclei using external magnetic fields. This polarization enhancement (PE) can enhance the NQR signal by an order of magnitude or more. Atomic magnetometers (AM) have been shown to improve detection sensitivity beyond a conventional antenna by a similar amount. AM sensors are immune to piezo-electric effects that hamper conventional NQR, and can be combined to form a gradiometer for effective RF noise cancellation. In principle, combining polarization enhancement with atomic magnetometer detection should yield improvement in signal-to-noise ratio that is the product of the two methods, 100-fold or more over conventional NQR. However both methods are even more exotic than traditional NQR, and have never been combined due to challenges in operating a large magnetic field and ultra-sensitive magnetic field sensor in proximity. Here we present NQR with and without PE with an atomic magnetometer, demonstrating signal enhancement greater than 20-fold for ammonium nitrate. We also demonstrate PE for PETN using a traditional coil for detection with an enhancement factor of 10. Experimental methods and future applications are discussed.
INTRODUCTION
The success of nuclear quadrupole resonance (NQR) as a tool for explosives detection has been limited by the inherently low signal to noise ratio (SNR) for common explosives (e.g. TNT, PETN, ammonium nitrate) when using an inductive coil as the detector. 1 Much work has been invested into lowering the noise floor of conventional inductive coil based detectors, through improved electronics, 2, 3 signal excitation schemes, 4 and noise abatement techniques. 5 Various techniques have also been used to improve the signal, such as algorithms accounting for temperature variations, 6 and pulse sequence optimization. 4, 7, 8 In addition, polarization enhancement (PE) techniques 9, 10 have also been demonstrated to dramatically improve the NQR signal for certain samples by factors of 10 or greater.
11 With PE combined with sub-femtoTesla sensitive vapor cell atomic magnetometers (AM) for detection, such a system has the potential to improve signal detection in NQR, while also being immune from the electronic noise sources that can plague inductive coil measurements.
an AC magnetic field, at the NQR frequency, that can be detected with a magnetometer. The NQR frequencies are unique to the target materials, 1 making NQR an excellent tool for material identification, however NQR requires both that the material be crystalline, and that the target nucleus have a non-spherical charge distribution (i.e. spin >1/2). As a result 14-N and 35-Cl are the typical targets of NQR studies, with 14-N being especially important in explosives detection since it is found in RDX, PETN, ammonium nitrate (AN), and others.
The challenge in detecting NQR signals is that their strengths can be quite low, due to the low transition frequencies. The transition frequencies are intrinsic to each material. While the frequencies can be several MHz for samples like RDX, they can be less than 500 kHz for a sample like AN. The signal also falls off as the distance from the sample to the detector cubed. The ability to detect a signal from a sample is also limited by the time constant T 1 that it takes the material to return to thermal equilibrium after the rf excitation pulse. For RDX T 1 is on the order of 10 milliseconds, while for AN it is around 20 seconds, making AN signal averaging time consuming and impractical. In operation, the effective way to increase SNR is to combine many observations. However, since the observer must wait for the system to return to thermal equilibrium after the rf pulse, long T 1 s can increase the time spent looking at a target, inhibits practical applications.
While the transition frequencies, and therefore the typical NQR signal strength, of a material are intrinsic, the technique of polarization enhancement can be used to increase the signal strength. In the simplest application of this technique the target material is exposed to a large DC magnetic field.
10 This is used to polarize a second nuclear species, in this work the protons in 1-H, in the target substance. The Zeeman interaction of the protons with the DC field causes the proton magnetic moments to either align, or anti-align with the DC field. These are the low and high energy states of the proton, with the difference in energy between the states corresponding to the proton's Larmour frequency, and the difference in the number of protons in each state defining the proton polarization. In thermal equilibrium, the polarization is determined by Boltzmann statistics, with a higher DC field resulting in a greater proton polarization. After polarization of the protons, the DC field is then dropped to a much lower value so that the Larmour frequency matches the target NQR frequency. This brings the 14-N and 1-H nuclei into thermal contact, resulting in the polarization between the protons and nitrogen nuclei equilibriating. Since the room temperature polarization of the nitrogen is relatively small, the equilibriation results in increasing the NQR signal. This technique does not require a precisely uniform, or stable DC field, and for a magnet with a suitable field geometry it can even be used for standoff experiments. However, this technique does require an easily polarized nucleus in the target material, and that the specific dynamics of the PE allow for NQR signal gain to be realized. 13 As a result, PE has already been demonstrated for TNT, 9 PETN, 14, 15 and AN, 13 but because of the short 14-N T 1 polarization enhancement has not been shown for RDX.
An RF magnetometer operates by imposing a DC magnetic field on a vapor of alkali metal atoms and monitoring the amplitude of their precession about this field. [16] [17] [18] For the work discussed here, the AM creates a vapor of Rb atoms by heating a vapor cell containing a Rb droplet. A longitudinally polarized pump laser beam tuned to the D1 transition of the alkali metal atoms creates a spin polarized vapor. The pump direction is aligned with the fixed magnetic field which in turn splits the ground state of the Rb atoms via the Zeeman effect. The magnitude of the field is chosen so that the Zeeman resonance matches the desired NQR detection frequency. The noise floor of the AM is governed by the Heisenberg uncertainty principle and promises to deliver an order of magnitude better performance than a conventional induction coil, whose noise floor is limited by Johnson thermal noise.
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A spin-lock-spin-echo (SLSE) pulse sequence was used to generate spin echoes in the explosive simulant material. 19 Using such a method, it is possible to lock onto spins during the SLSE sequence for a time on the order of seconds, allowing for thousands of spin echo averages. The AM is operated in a optically polarized pulsed mode to ensure the Rb spins are polarized only during the NQR acquisition. To further aid in mitigating the effects of the coherent RF ringing signal on the AM from the transmit coil, the SLSE sequence is phase cycled, with the spin echoes inverting phase half way through the sequence. Thus, when the two echo trains are added together, cancellation of the coherent RF ringing signal occurs.
METHODS
For these experiments the NQR signal was excited using a custom resonant circuit optimized for single sided/standoff detection. NQR excitation was controlled using a Tecmag Apollo console (Tecmag, Houston TX, USA) to drive c Figure 1 . This cartoon schematic of the experimental setup includes the actuator (a) used to shuttle the sample (b) from the magnet (c) and through a waveguide (d) into a shielded room (e). Signals were excited and detected at (f), with detection performed either with the AM or the inductive coil. A field-able device would incorporate a pulsed magnet and the detector in a single package, negating the need to move the sample. Image adapted from Ref. 20 an rf amplifier (Tomco Technologies, Australia ). A SLSE pulse sequence was used to excite spin echoes in the AN and extend the signal longer for averaging purposes. After the excitation pulse, a train of 900 refocusing pulses, with a 2 ms spacing, was used. This was repeated, with the sample being polarized by the magnet before each excitation pulse, resulting in a total of 1800 signal acquisitions. Prior to the experiment, the alignment fields of the magnetometer were checked by observing the AM's response to a known RF test signal of the correct frequency. The frequency response of the AM was stable over the course of the experiment. All experiments were performed at room temperature, however no steps were taken to monitor or control the sample temperature. Since the NQR frequencies vary with temperature, the difference in frequency between the rf excitation pulse and the NQR signal, i.e. the off-resonance, can be non-zero. Certain values of off-resonance can dramatically weaken the NQR signal, but temperature monitoring of the sample for active pulse frequency feedback was not implemented for this demonstration.
A deployable device would likely combine the NQR excitation coil and detection hardware within another coil used to generate the large magnetic field for PE. Such a coil would be ramped to a large field and then brought down in a controlled manner to ensure the polarization enhancement condition is met in the target volume. For cost and convenience we used a permanent magnet for polarization of the protons. Instead of ramping the field down, the sample was shuttled from the magnet to the AM on a linear motion stage. The field at the surface of the magnet was 750 mT and was nearly 75 mT at 10 cm from the magnet surface. The atomic magnetometer was located 4 m away from the center of the magnet inside a shielded room. At this distance a residual field of approximately 0.1 mT was produced over the volume of the magnetometer, and this was canceled with the compensation coils of the AM. Electronic noise due to equipment of the polarization enhancement system was also detected by the AM. Future designs of the PE electronics could eliminate this source of systematic noise.
A schematic of the experimental setup is shown in Fig. 1 . Experiments with the AN consisted of the sample being held for thirty seconds in the polarization field, followed by a roughly 3 second translation to the detector where the rf pulse sequence and detection occurred. Reported standoff distances are measured from the surface of the detector to the surface of the sample. For the AN experiments, this was the same as the distance from the magnet to the surface of the sample.
To shuttle the sample from the magnet to the detectors a belt driven linear actuator (Actuator: MSA- PSC, Macron Dynamics Inc., PA; Motor: Cool Muscle, Newmarket, ON Canada) was used to rapidly and repeatedly move the samples from the magnet to the AM. Timing was controlled via a TTL line from the Tecmag spectrometer. During the translation of the sample, the magnet's field varied, in both magnitude and direction, from the high field used to polarize the protons to a lower field where the Larmour and NQR frequency matched. The sample translation was optimized to maximize the polarization 13 while decreasing the time spent moving the sample, during which the NQR signal decays as the system returns to thermal equilibrium. The actuator ensured positioning with sub-millimeter precision, and repeatable timing. Optimization of the sample translation was needed since the rate of the polarization enhancement is finite and on the order of ms. 13 The optimal translation time was found through an iterative process and we very roughly found that the time to translate the AN was half of the time needed for PETN.
RESULTS
As a baseline, NQR signals from the AN sample were first acquired without polarization enhancement using the AM. Signal strengths were obtained by adding the 1800 signal acquisitions for each SLSE, and then taking the peak of the FFT of this averaged signal. The experimental parameters were chosen to ensure adequate SNR for the standoff distances used without polarization enhancement. The results are shown in Fig. 2 and have been normalized such that the mean signal at zero standoff has a value of unity.
Using the PE-AM system, NQR detection is greatly improved as shown in Fig. 3 . With the sample flush to the detector, the polarization enhancement factor is greater than 23. This is less than the theoretical maximum 11 and is due to the time spent moving the sample the 4 m from the magnet to the AM. The enhancement factor is still nearly 10 at 5 cm. The NQR signal dependence on standoff is a function of both the atomic magnetometers response to standoff, and the drop off in the magnetic field of the magnet. A physically larger magnet would have a less rapid decrease in field strength with standoff, meaning a greater enhancement factor is possible for magnet with a geometry optimized for standoff.
In addition to the work with the sample of AN, we also investigated the performance of our magnet with a sample of PETN NESTT (Non-hazardous Explosive for Security Training and Testing). The basic experimental procedure was not changed. However, the NQR detection was done with a single sided detection coil. The field across the sample could be varied by physically lowering the magnet. All measurements were made with the 1 0 This is only because the time it takes the protons to polarize increases with field strength. For these experiments, the 60 s polarization time, while realistic for a field scenario, was far short of the nearly 300 second polarization time implied in the work of Smith 15 to see the maximum enhancement at such high fields.
sample flush to the detector to ensure that the variation in signal is solely due to the decrease in magnetic field strength. The polarization time was 60 seconds, and the shuttling speed to the detector was cut in half, due to the slower dynamics between the protons and the nitrogen in PETN. In contrast to AN, 11 the resulting signal strength did not increase linearly with the polarization field strength, as shown in Fig. 4 . A linear increase would have been observed, however, with a longer polarization time. PETN has the penalty of having a hydrogen T 1 that significantly increases with magnetic field strength.
15 While a factor of 10 improvement was observed in signal strength, greater enhancement would require an even stronger polarization field, or significantly increased polarization times. The results of Ref.
15 suggest a polarization time of over 300 seconds would be needed to get the maximum benefit from our 750 mT field.
CONCLUSION
Polarization enhanced NQR signals were observed with an AM as a detector for the first time. The benefits for NQR detection at standoff were clearly demonstrated for a PE-AM system. Large enhancement was observed through standoff distances past 5 cm. Future improvements can be done to increase the NQR signal by designing a magnet for greater standoff distances which will in turn provide a path for more rapid detection. While the standoff depths were limited in the implementation discussed here, by choices of PE magnetic field and NQR excitation coil fall off, future implementations could be scaled which maintain the PE-NQR signal providing a feasible system for rapid NQR detection at standoff. Work with PETN demonstrated standoff detection with that material is also feasible with our magnet. While the enhancement for PETN was not as high as shown for AN, the results still demonstrate a large improvement in the ability to perform standoff detection of PETN using NQR.
